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ON  THE  QUESTION  OP  CALCULATIONS  OF  THERMAL 
RADIATION  OF  THE  ATMOSPHERE 


Khel *gi  Niylisk 


Introduction 


At  present  there  exist  three  methods  of  computing  radiation  fluxes 
of  the  atmosphere:  theoretical  formulas,  empirical  formulas,  and 
graphic  methods.  Since  empirical  formulas  are  true  only  for  average 
conditions  of  the  atmosphere  and  calculations  with  the  help  of 
theoretical  formulas  are  connected  with  large  calculating  difficulties, 
many  authors  have  tried  to  find  graphic  methods  for  calculation  of 
atmospheric  radiation  fluxes,  which  would  allow  to  simplify  the 
calculations  and  simultaneously  correctly  consider  the  concrete 
conditions  in  the  atmosphere.  As  is  known,  such  graphic  methods  are 
called  radiation  nomographs.  ° 

Since  at  present  there  exists  a  whole  series  of  radiation  nomo¬ 
graphs  based  on  different  principles,  their  comparison  and  also  their 
study  is  of  considerable  interest.  Study  of  the  nomographs  enables 

r. 

one  to  clarify  the  cause  of  the  divergence  of  results  and  thus  to  this 
or  that  degree  to  try  to  evaluate  the  advantages  and  deficiencies  of 
individual  nomographs .  This  Is  the  baric  purpose  01  t  his  worl' .  Beside: 
this,  by  using  average  aerocl Imatic . data  for  various  zones  of  the  globe 
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we  will  try  in  this  work,  to  obtain  average  typical  data  about  the 
movement  of  fluxes  of  thermal  radiation  on  different  latitudes  anti 
heights  in  the  troposphere. 


Brief  Characteristics  of  Radiation  Nomographs 
During  the  construction  of  radiation  nomographs  all  authors 


originate  from  the  equation  of  the  transfer  of  long-wave  radiation 
fl,  2} : 


CM*  ifttfoW 
*m  *  1 

CM* 

g  * 


I  (a  #)1. 


(l) 


It  is  found  that  after  approximate  solution  of  these  equations 
the  expression  for  fluxes  of  radiation  can,  by  one  or  another  means, 
be  presented  in  the  form 

(2) 

where  M  and  N  are  certain  known  functions. 

Fluxes  of  thermal  atmospheric  radiation  will  be  numerically 
equal  to  the  area  in  the  system  of  coordinates  (M,  N). 

Expressions  for  fluxes  of  radiant  energy  constitute  triple  integral 
over  all  wavelengths  over  all  solid  angles  composing  the  hemi.-.phere 
and  over  all  elementary  layers  composing  the  final  layer  for  which 
radiation  is  calculated.  The  distinction  between  nomographs  consist:: 
in  the  order  and  methods  of  their  integrations  and  also  depenc:;  on  th.p 
utilised  experimental  data  of  absorbed  long-wave  radiation,  I.e.,  <>n 


the  transmission  function.  Of  essential  value  is  not  only  the  quanti¬ 
tative  distinction  of  transmission  functions  but  also  the  fundamental 
approach  to  them,  depending  upon  the  quantities  determining  them.  As 
is  known,  the  transmission  of  thermal  radiation  by  the  atmosphere 
depends  not  only  on  the  content  of  substances  absorbing  radiation  in 
the  atmosphere  but  also  on  the  structure  of  layers  which  absorb 
radiation.  Therefore  the  transmission  function  should  be  presented 
in  the  form 

/#— !>*{*,  *7?.  (3) 

Thus  the  difference  between  radiation  nomographs  consists  still 
in  the  calculation  of  the  dependence  of  transmission  functions  on 
pressure  and  temperature. 

It  is  necessary  to  note  that  without  exception  all  the  authors 
of  radiation  nomographs  consider  the  dependence  of  the  transmission 
functions  on  pressure  not  directly,  but  indirectly,  by  introducing  the 
so-called  "effective  absorbing  mass."  In  otherwords.  Instead  of  the 
ordinary  expression  for  the  absorbing  mass 

«*/«*4*.  (4) 

they  apply  the  formula 

(5) 

We  know  of  seven  radiation  nomographs,  by  the  following  authors: 
Shekhter  [?,  4],  Dmitriyev  [5],  Brooks  [6],  Robinson  [73,  Elsasser  [8], 
Yamamoto  [91.  and  Miigge  and  Moller  [1,  10,  11 J.1  Let  us  consider 
briefly  the  basic  principles  of  these  nomographs. 

1 Another  radiation  nomograph  was  developed  by  Deacon  [12],  but  it 
is  intended  for  calculation  of  thermal  flux  only  in  the  surface  layer 
of  the  atmosphere. 
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'The  simplest  principle  of  construction  of  radiation  nomographs  was 
used  by  Shekhter,  Brooks,  and  Robinson.  These  authors  considered  the 
dependence  of  the  transmission  function  only  on  the  effective  content 
of  water  vapor,  i.e,,  they  presented  the  transmission  function  in  the 
form 

(6) 

where 

(?) 

Here  pc  designates  a  certain  standard  pressure. 

A  more  general  principle  of  the  construction  of  radiation 
nomographs  was  applied  by  Cmitriyev,  Elsasser,  Yamamoto  and  also  by 
Miigge  and  Moller.  They  tried  to  consider  the  influence  of  temperature 
on  absorption  of  long-wave  radiation. 

As  is  known,  the  integral  transmission  function  can  be  expressed 
as  follows: 

«  y aw  (r*  p)>  »j  **.  (8) 

The  influence  of  the  temperature  of  the  absorbing  medium  on  the 
absorption  of  radiation  appears  in  twofold  form.  On  the  one  hand,  with 
a  change  in  temperature  in  accordance  with  Wien's  law  there  occurs  a 
displacement  of  the  distribution  curve  of  energy  in  the  spectrum  of 
radiation  of  an  ideal  black  body  ("displacement  effect").  A  consequence 
of  this  is  -  f^(T).  On  the  otherhand,  a  change  in  the  temperature 
of  the  absorbing  medium  is  connected  with  a  change  in  the  intensity 
and  width  of  lines  and  abscption  bands.  Therefore  the  coefficient  of 
absorption  k^  should  also  be  considered  to  be  a  function  of  temperature. 

Muring  the  construction  of  their  nomograpns  Dmltriyev,  Klr-isser, 
t'iigge  and  Moller  considered  only  the  "effect  of  displacer  >nf  they 
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considered  coefficients  of  absorption  to  be  independent  of  temperature. 
Yamamoto  took  the  dependence  of  the  coefficient  of  absorption  on 
temperature  into  account.  Therefore  with  respect  to  calculation  of 
temperature  effect  Yamamoto's  nomograph  is  the  best  developed. 

For  the  effective  content  of  water  vapor  Elsasser  recommends  using 
formula  (7)  and  Yamamoto  and  Dmitriyev  propose  the  following  formula: 

« 

»  —  J  (9) 

Moller  proposes  taking  a  more  complicated  correction  for  calcula¬ 
tion  of  the  influence  of  pressure  on  infrared  atmosphere  radiation. 

He  considers  that  in  formula  (5) 

«  -  _ _ .... 

J  (p)  -0,985  (£)T  +  0,015&.  ( 10) 

Hjpmograph  of  F.  N,  Shekhter 

In  basis  of  construction  of  his  nomograph  Shekhter  assumes  general 
formulas  for  fluxes  of  thermal  radiation  obtained  as  the  result  of 
Integration  equations  of  transfer  of  radiation  (1)  by  the  method  of 
Ambartsumyan  and  Lebedinskiy  [2],  The  concept  of  this  method  consists 
of  the  fulfillment  of  integration  over  all  wavelengths  in  two  stages. 
First  integration  is  conducted  in  terms  of  those  X  for  which  k  <  k^  < 

<  k  +  dk  and  then  for  all  dk.  Further  there  is  introduced  the  function 
f(k),  determining  the  share  of  intensity  of  incident  radiation  occurring 
on  those  sections  of  the  spectrum  to  which  there  correspond 
infinitesimally  differing  values  of  the  coefficient  of  absorption, 
i.e.,  in  those  sections  of  the  spectrum  the  coefficient  of  absorption 
is  considered  constant.1 

xHere  Shekhte-  considered  the  function  f(k)  to  independent  of 
temperature . 
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For  the  descending  radiation  flux  of  the  atmosphere  Shekhter 


obtained 


(12) 


The  rising  flux  of  thermal  radiation  can  be  determined  analogously. 

As  can  be  seen  from  formula  (12),  the  thermal  fluxes  at  a  given 
level  are  numerically  equal  to  the  area  bounded  by  a  closed  contour  in 
the  system  of  coordinates  B 

During  construction  of  the  transmission  function  PD>  Shekhter 
considers  the  influence  of  two  atmospheric  gases  —  water  vapor  and 
carbon  dioxide  —  on  the  absorption  of  thermal  radiation;  this  means 
that  PD  =  PD(w,  u).  She  assumes  that 

!>(»,«)— P  {•}-->  A  («)»-,/■  (15) 

Here  the  exponent  "13-17”  shows  that  the  function  of  transmission 
or  absorption  is  given  only  for  the  13-17  4  region  of  the  spectrum. 

Further,  Shekhter  finds  a  connection  between  u  and  w  (with  an 
average  content  of  carbon  dioxide): 

.-l6M[l-(l-Oi)T].  <«> 

By  substituting  expression  (14)  in  formula  (13)  we  will  obtain  the 
transmission  of  long-wave  atmospheric  radiation  in  dependence  upon 
only  one  variable  —  the  effective  content  of  water  vapor,  w.  Shekhter 
proposed  a  special  nomograph  for  computing  w.  However,  in  the  form 
in  which  it  is  given  in  work  {-]  this  auxiliary  nomograph  gives  results 
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which  do  not  correspond  to  formula  (7);  apparently  there  is  a  misprint 
here. 

During  construction  of  the  transmission  function  PD  Shekhter  used 
experimental  and  theoretical  data  of  many  authors  on  absorption  by 
water  vapor  and  carbon  dioxide  [3].  The  obtained  curve  turned  out  to 
be  in  good  approximation  to  the  formula 

Po  (•)  —  Qittt  (*t,  V»)  +  PiH*  (Pu  ( 15) 

Shekhter  determined  the  values  of  the  coefficients:  =  1.88',; 

Pa  =  2.116;  q±  =  0.54;  P1  =  6.94.  .  _ , 

Nomograph  of  F.  Brooks 

Brooks'  nomograph  is  built  on  the  assumption  that  in  the  coordinate 
system  bJ  thermal  fluxes  of  the  atmosphere  are  expressed  by 

areas,1  i.e., 

<?(*)  — g(t -ft,)  rfA  (16) 

Brooks  experimentally  determined  emittanee  e(w,  u)  for  parallel 
radiation.  Observations  were  produced  in  the  laboratory  and  in  the 
Earth's  atmosphere  (in  a  winter  continental-polar  air  mass  which 
contained  a  normal  quantity  of  carbon  dioxide).  Thus,  during  the 
determination  of  the  magnitudes  of  w  and  e(w)  the  influence  of  carbon 
dioxide  on  emittanee  e  in  the  given  air  mass  was  automatically 
considered.  The  coefficient  of  diffusivity  was  determined  experimen¬ 
tally  in  order  to  obtain  the  emittanee  for  diffuse  radiation;  it 
turned  out  to  be  equal  to  1.75.  The  curve  eD  *  eD(w)  was  obtained 
with  account  taken  of  the  influence  of  carbon  dioxide  on  the  trans¬ 
mission  of  radiation  (on  the  assumption  that  the  content  of  carbon 


1Brooks  used  trie  fact  ti  a  in  an  Isothermal  atomosphere  P  *  1  -  e. 
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t 


dioxide  corresponds  to  conditions  of  a  winter  con’ inental-polar  air 
mass) , 

Nomograph  of  G.  Robinson 

Robinson,  like  Brooks,  considers  th.-i t  fluxes  of  thermal  radiation 
in  the  atmosphere  are  expressed  numerically  by  areas  in  the  coordinate 
system  f^l  -  s^,  fij.  The  only  difference  is  that  Robinson  considers 
the  influence  of  carbon  dioxide  on  atmospheric  radiation  fluxes 
separately  from  the  influence  of  water  vapor.  He  assumes  that  the 
radiation  of  carbon  dioxide  always  composes  i8.5#  of  the  radiation  an 
ideal  black  body  at  a  temperature  of  the  air  at  the  earth’s  surface 
such  that 

0{w) — aiwa, $  [i  - (17) 

Using  measurements  of  the  ewlttance  of  isothermal  layers  of  the 
atmosphere  carried  out  by  different  authors,  as  well  as  his  own, 

Robinson  constructed  the  curve  of  the  dependence  of  emittance  of  the 
isothermal  layers  of  the  atmosphere  on  their  absorbing  mass  for  parallel 
radiation.  Then  he  constructed  a  curve  with  taking  into  account 
diffusivity  of  radiation,  where  the  coefficient  of  diffusivity  was 
assumed  equal  to  1.66. 


i 


i 


i 

i 

l 


Nomograph  of  A.  A.  Dmltriyev 

At  the  basis  of  the  nomograph  of  Itaitriyev  lies  the  most  general 
examination  of  the  problem  of  transfer  of  long-wave  radiation  in  the 
atmosphere.  In  this  case  the  determination  of  radiation  fluxes  are 
produced  in  three  stages,  for  which  there  are  three  corresponding 
nomographs:  one  basic  and  two  auxiliary.  First  —  an  auxiliary 
nomograph  —  permits  considering  the  dependence  of  th  'ibsorp'  i ■>  >  ->f 
thermal  radiation  n  the  atm  here  on  pressure  and  sbp.  j s  for 


-9- 


calculation  of  effective  absorbing  masses  of  water  vapor.  With  the 
help  of  the  second  —  the  basic  nomograph  —  the  intensity  of  radiation 
for  different  directions  is  calculated.  By  solving  the  general  equa¬ 
tions  of  radiative  heat  transfer,  Dmitriyev  obtained  the  following 
formula  for  the  intensity  of  descending  radiation:1 


where 

/+<.,#) -  f 

•  * 

(18) 

R(T.  m)  -  j  k^E^iy-^dX 

(19) 

and 

t 

• 

Ri(T,  w)  —  F Ex(iye-^mdX 

(20) 

when  Ta  »  27 3°Y . 

In  formulas  (ly)  ami  (20)  k^  designates  the  coefficient  of 
absorptlon  at  standard  pressure  pc. 

Dmitriyev  obtained  an  analogous  formula  for  if 

The  third  —  an  auxiliary  nomograph  —  serves  for  calculation  of 
total  fluxes  of  thermal  radiation  In  a  hemisphere  by  the  formulas: 

• 

n 
7 

0  4(»)  - 2*  J  n  (».*)</(*£*). 

During  construction  of  the  transmission  function  Dmitriyev  used 
the  exponential  t.-.w 

•It  is  nececs  y  to  note  u-a  tne  •••.*  *»i i  ; ::  of  ccuf'.j •  lions  by  the 
•lOmogrnp  .s  of  DmiM’yev  and  a*  MUgge  itu  Muller  do  not  depend  on  the 
l  eleotlot  rf  tempe<  tire  I'j . 
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Integration  over  all  wavelengths  was  carried  out  within  the  limits 
1.5  u  s  X  s  92  u.  Here  the  entire  infrared  spectrum  was  divided  into 
16  sections  from  1  to  28  u.  in  width  and  it  was  assumed  that  in  each  of 
these  sections  absorption  was  constant.  The  coefficients  of  the 
sections  were  calculated  according  to  Albrecht  and  Elsasser.  The 
influence  of  carbon  dioxide  on  the  absorption  of  long-wave  radiation 
is  completely  Ignored  by  Dmitriyev. 


Nomograph  of  R.  Mltege  and  F.  Moller 
The  nomograph  of  Mugge  and  MSller  is  based  on  the  approximate 
solution  of  the  problem  of  the  transfer  of  long-wave  radiation  in  the 
atmosphere.  The  basic  principles  of  the  nomograph  are  approximately 
the  same  as  those  for  Dmitriyev  nomograph  No.  2. 

On  the  nomograph  of  MUgge  and  MSller  iong-wave  fluxes  of  atmo¬ 
spheric  radiation  are  depicted  in  the  coordinate  system  w^ , 

y(T*  Tl'  ")]’  so  that 


where 


<?(*)  —  f  r(f,  rhm)dix(T,.  *)j. 


m 

xiThto) 

£*„{**)  4i 


2ei{Tx)j-A0t.V,w\4i. 

a 


♦t 

/#» 


(23) 


(24) 


(25) 
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where  v  is  the  frequency  corresponding  to  the  center  of  the  line, 

T1  “  313°K,  k  is  the  coefficient  of  absorption  in  the  center  of  the 
line. 

For  construction  of  the  function  of  absorption  the  authors  use  the 
average  coefficients  obtained  by  Albrecht.  The  coefficient  of 
dlffusivity  is  equal  to  1.66. 

A  special  auxiliary  nomograph  is  proposed  for  calculation  of  the 
influence  of  carbon  dioxide  on  atmospheric  radiation.  During  construc¬ 
tion  of  this  auxiliary  nomograph  it  was  assumed  that  radiation  of  an 
isothermal  layer  of  carbon  dioxide  at  a  temperature  of  J13°K  and 
containing  an  infinitely  large  quantity  of  COg  is  of  the 

radiation  of  an  ideal  black  body  at  trie  same  temperature.  If  the 
change  in  the  content  of  carbon  dioxide  with  height  is  known,  with 
the  auxiliary  nomograph  one  can  determine  the  magnitude  of  radiation 
of  carbon  dioxide  for  any  layer  of  the  atmosphere. 


Humograph  of  W,  Elsasser 

By  solving  the  general  equations  of  transfer  of  long-wave  radiation, 
Elsasser  beforehand  carries  out  integration  in  terms  of  all  solid 
angles  and  all  wavelengths  and  for  integration  in  terms  of  all 
elementary  layers  he  proposes  a  radiation  nomograph.  Radiation  fluxes 
in  the  given  case  are  numerically  equal  to  areas  in  the  coordinate 
system  /g&g,  aT2V  where 


(27  r 


Here  a  is  a  certain  constant. 

Fluxes  of  thermal  radiation  are  calculated  graphically  on  the 
banii  of  the  fo'm.ula 


Q(»,T)dT.  (?P) 
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To  carry  out  integration  in  terms  of  wavelengths  Elsasser  idealise.', 
the  absorption  spectrum  and  introduces  a  so-called  generalized  coeffi¬ 
cient  of  absorption  L x.  During  calculation  of  these  coefficients 
Rlsasser  used  theoretical  and  experimental  data  of  many  authors  on 
absorption  by  water  vapor  [8].  Elsasser  considers  radiation  of  carbon 
dioxide  very  approximately,  considering  that  independently  of  the 
content  of  carbon  dioxide,  its  radiation  (in  the  interval  13-17  u)  can 
always  be  considered  equal  to  a  certain  fraction  of  the  radiation  of 
an  absolute  black  body  at  the  temperature  of  the  considered  level. 

Nomograph  of  G,  Yamamoto 

The  equations  which  form  the  basis  of  the  Yamamoto  nomograph  are 
the  same  in  principle  as  those  in  the  Elsasser  nomograph,  but  Yamamot.o 
transformed  them  somewhat.  He  selects  another  coordinate  system, 
namely:  as  the  abscissa,  B(T)  and  as  the  ordinate,  PD(w,  T).  For 
calculating  the  transmission  function  of  water  vapor  Yamamoto  used 
the  Elsasser  method,  i.e.,  generalized  coefficients  of  absorption  l^(T), 
but  for  the  far  infrared  region  he  used  other  data  about  absorption  by 
water  vapor.  Yamamoto  also  considered  the  dependence  of  on  T. 

Yamamoto  considers  the  radiation  of  atmospheric  carbon  dioxide 
with  the  help  of  two  special  auxiliary  nomographs.  The  first  of  them 
serves  for  calculation  of  the  correction  of  the  radiation  of  carbon 
dioxide  AG  w)]  in  the  12.5-17.5  p.  region  of  the  spectruirr  on  the 

total  radiation  flux.  This  nomograph  is  located  in  the  lower  part 
of  the  basic  nomograph.  With  the  help  of  the  other  auxiliary  nomograph 
one  can  find  the  function  f^(u,  w)  if  u  and  w  are  known. 

For  construction  of  the  transmission  function  of  carbon  dioxide 
PD(u,  T)  in  ttv’  12.r>-17.5  u  region  of  the  spectrum  Yamamoto  used 
Callender’s  data.  The  coefficient  of  diffusivity  was  token  as  1.5. 
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The  dependence  of  the  transmission  function  transmission  for  C0o  on 
temperature  was  considered  only  at  temperatures  T  <  1(X)°K.  The  trans¬ 
mission  functions  for  water  vapor  and  carbon  dioxide  P^(u,  w)  were 
calculated  on  the  assumption  that 

Po(u,  w)  =»  Po(u)  *  Po{»).  ( 29 } 

The  transmission  functions  for  all  the  named  nomographs  are  shown 
in  FigT  1*  Bat  it  is  impossible  strictly  to  compare  these  functions, 

since  they  are 
determined  at  different 
temperatures.  For 
instance,  the  absorp¬ 
tion  function  of  the 
Miigge  and  Mol  ler 
nomograph  was  obtained 
at  a  temperature  of 
313°K  and  that  of  the 
Elsasser  nomograph  at 
273°K.  In  the 
Yamamoto  nomograph 
only  the  absorption 
function  for  water- 
vapor  is  given,  since 
Yamamoto  considers  the  radiation  of  carbon  dioxide  separately  with  the 
help  of  a  special  nomograph.  Owing  to  the  various  principles  of 
construction  of  the  nomographs  in  general,  an  exact  comparison  on  the 
basis  of  the  corresponding  functions  of  absorption  ;s  Impossible. 
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Calculations  by  the  Nomographs  and  Analytic 
. "  "  oi4  the  Jesuits 

In  this  work  calculations  are  performed  according  to  all  the 
above-described  nomographs,  with  use  Of  the  following  data; 

a.  Data  of  radiosounding  of  the  atmosphere  near  the  city  of 
Tallin  during  1958.  Only  data  of  cloudless  days  are  selected. 

b.  Average  typical  aeroe lima tic  data  in  clear  weather  for 
various  latitudinal  zones  of  the  globe,  taken  from  works  9  and  1J. 

The  principal  characteristics  of  these  data  are  shown  in  Tables 
1  and  2. 


Table  1.  Temperature,  Thickness  of  Inversion, 
and  Total  Content  of  Water  Vapor1  at  the 
Earth *s  Surface  _  _ _  _ _ 
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1Per  formula  (7). 


Table  2.  Temperature  and  Total  Content  of 
Water  Vapor  on  the  Barth ’s  Surface  In  Various 
Zones  of  the  Globe  In  March1 


Latitudinal  zone 

t0(°c)  | 

0-10** 

*7J 

.  40 

(0— so** 

fti 

3j4 

so-so** 

StJ 

to 

30—40** 

130  .  . 

104 

40-80** 

40 

108 

80-80** 

-  80 

007 

80-70** 

-140 

008 

xIt  is  possible  to  consider  these  values 
close  to  the  annual  average. 

With  the  help  of  the  family  of  nomographs  fluxes  of  thermal 
atmospheric  radiation  (descending  flux,  rising  flux,  and  effective 
radiation)  were  determined  at  the  level  of  the  earth’s  surface  and 
at  3  km.  On  the  basis  of  the  data  in  Tssle  2  radiation  fluxes  for  the 
8  km  level  were  calculated.  For  determination  of  the  effective 
absorbing  mass  of  water  vapor  the  formuLa  recommended  by  the  author 
of  the  corresponding  nomograph  was  used  (the  only  exception  Is  the 
Mligge  and  Moller  nomograph,  for  which  effective  absorbing  masses  were 

calculated  by  formula  (7)).  .. 

The  radiation  of  the  earth’s  surface  in  all  cases  was  calculated 

by  the  formula  BQ  =  STq*1. 

The  results  of  these  calculations  are  presented  in  Tables  3-iO 
and  in  Figs.  2  and  3. 

Besides  this  additional  calculations  were  produced  by  the  various 
nomographs  to  study  the  influence  of  the  correction  for  pressure  and 
for  a  more  detailed  determination  of  the  movement  of  fluxes  of  thermal 
atmospheric  radiation  with  height. 
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Table  3.  Descending  Radiation  Fluxes  on  the  Table  K.  Descending  Atmospheric  Radiation 

Earth’s  Surface  GQ  J  (cal/cm^mln)  Fluxes  at  the  3  km  level  1  (cal/cmg«min) 

Date  and  J  Per  nomograph  of  Date  and  I  Per  nomograph  of 
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Fig.  2.  Descending  atmospheric  radiation 
flux  for  various  latitudinal  zones  per 
nomographs  of:  1  —  Elsasser;  2  —  MUgge  and 
MSller;  5  —  Robinson*  4  —  Brooks;  5  *** 
Yamamoto;  6  —  Shekhter;  7  —  Dmitriyev. 


The  divergence  of  the  results  determined  by  the  various  nomo¬ 
graphs  is  comparatively  large.  Especially  great  are  the  divergences  of 
values  of  effective  atmospheric  radiation;  descending  radiation  fluxes 
the  divergence  lies  within  the  limits  of  measurement  error. 


OHM  Zslt** 


gfere*  1*0 


•yj  latitude  gone  . 

&*r  20-30*  4 Ih5&  60-JO* 

F1®*. Effective  radiation  for  various 
latitude  zones  per  nomographs  of:  1  — 

Elsasser;  2  -  Miigge  and  Moller:  3  - 

i  ~  Brooks;  5  —  Yamamoto;  6  — 

Shelter;  7  -  Dmitriyev. 

The  divergence  of  the  results  increases  with  height.  On  the 
earth's  surface  in  the  region  of  effective  absorbing  masses 

1  Cm  ther'  !  J  3tl11  vety  good  agreement  between  the  values 

ol  radiation  fluxes  of  the  atmosphere  as  determined  by  the  various 
nomographs.  There  are  exclusively  great  differences  only  when  the 
effective  absorbing  masses  w  >  2  "cm"  (up  to  10*  of  the  value  of  back 
radiation  and  up  to  30*  0f  the  value  of  effective  radiation).  The 
maximum  difference  in  this  region  constitutes  0.052  eal/cm^miu.  At 
a  height  of  3  km  the  curves  ,  ■  fluxes  of  thermal  radiation  noticeably 
differ  and  at  8  km  the  differences  in  the  values  of  back  radiation  for 


o'ie  and  the  same  mounding  of  the  atmosphere  attain  as  t  uch  a.: 

( 0 . 053  cal/cm2*min)  and  the  diff  rencer  in  the  values  of  effective 
radiation  reach  24$  (O.O89  cal/cm'-min) . 

The  overall  picture  of  the  value:;  of  atmospheric  fluxes  to  very 
complex  and  the  distinctions  in  the  results  seem  nonsystematic,  since 
corresponding  curves  intersect  and  their  relative  location  changes 
with  height.  Good  coincidence  is  found  only  in  the  remits  from  the 
nomographs  of  Shekhter  and  Brooks.  Comparatively  satisfactory  agreement 
is  noted  in  the  results  from  the  nomographs  of  Yamamoto  and  Dmitriyev, 
but  the  differences  in  radiation  fluxes  here  Increase  strongly  with 
height.  There  is  a  certain  coordination  in  the  values  of  back  radiation 
found  by  the  nomographs  of  Elsn3cer  and  MBller.  The  remaining  results 
do  not  coincide  and  the  differences  grow  strongly  with  height. 

Let  us  try  to  clarify  the  causes  of  these  divergences.  First  of 
all  we  will  compare  the  results  of  the  determination  of  radiation 
fluxes  (Pigs.  2  and  3)  and  the  corresponding  transmission  functions 
(Fig.  1).  Actually  a  good  correlation  exists  between  the  movement  of 
the  transmission  functions  and  the  values  of  fluxes  of  thermal 
radiation.  Transmission  functions  of  various  nomographs  cross  at 
approximately  those  values  of  effective  absorbing  masses  at  which 
there  is  intersection  of  the  curves  of  the  corresponding  fluxes  of 
thermal  atmospheric  radiation.1 

A  certain  deflection  from  this  rule  can  be  found  only  at  large 
absorbing  masses  and  temperatures  (there  where  the  absolute  valuer,  of 
planimetry  error  can  be  great)  and  in  results  obtalred  at  very  low 

xWe  will  noti  that  by  this  method  It  In  impossli  le  to  compare  the 
results  obtained  b ./  the  nomo,  raphs  of  Yamamoto  with  1.  nth'-r  results, 
since  Yamamoto  considers  the  Influence  >f  (s  -  on  abs  > **|  'lnp  v»f  long¬ 
wave  rndlai  ion  by  means  of  a  special  nomograph. 
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atmospheric  temperatures.  For  the  nomograph  of  Mugge  and  Moller  this 
correlation  is  weak.  But  here  one  should  note  that  the  transmission 
function  of  the  Mugge  and  Moller  nomograph  is  given  for  a  temperature 
of  313°K  and  the  rest  of  the  transmission  functions  are  mostly  for 
273°K.  With  comparison  of  the  transmission  function  per  Mttgge  and 
Moller  with  the  function  of  absorption  per  Elsasser  for  313°K  (Fig.  1) 
it  is  clear  that  quite  good  correlation  exists  between  these  trans¬ 
mission  functions  and  the  corresponding  values  of  atmospheric  back 
radiation. 

Thus  the  transmission  function  is  one  of  the  main  factors 
determining  the  values  of  radiation  flaxes  according  to  one  or  another 
nomograph. 

Besides  this,  a  certain  influence  is  rendered  on  the  determination 
of  radiation  fluxes  on  the  nomographs  by  the  fundamental  construction 
of  the  nomographs,  and  mainly  by  the  dependence  of  absorption  on 
temperature.  As  is  known,  during  calculation  of  the  effect  of 
displacement"  somewhat  larger  values  of  back  radiation  are  obtained. 

This  temperature  effect  emerges  especially  strongly  at  low  atmospheric 
temperatures.  On  the  basis  of  this  it  is  possible  to  explain  the 
relatively  large  values  of  back  radiation  from  the  nomographs  of 
Dmitriyev,  Yamamoto,  Elsasser,  and  MUgge  and  MBller  at  low  temperatures. 

Since  for  the  nomographs  of  Dmitriyev  and  Yamamoto  the  effective 
absorbing  masses  are  calculated  witi  use  of  the  correction  and  in 

the  other  nomographs  this  correction  is we  obtain  corresponding 

effective  absorbing  masses,  on  the  average,  10#  smaller  (with  small 
absorbing  masses,  even  up  to  BO#).  This  Is  one  of  the  reasons  tor 
which  tie  values  o"  back  rad-. lion  are  smaller  by  the  nomographs  of 

!1mitriye and  Yomai.nto  than  by  other  nomographs.  To  study  the  influence 
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of  the  correction  for  pressure  f(p)  on  atmospheric  radiation  f luxes, 
we  produced  additions!  calculations  by  the  Yamamoto  and  Bmitriyev 


nomographs,  using  the  correction  */|~~,  and  by  the  Elsasser  nomograph 


with  account  taken  of  the  correction  .  The  results  are  given  in 


Tables  li  and  12. 


Table  li.  Influence  of  Correction  for  Pressure  on  Descending 
Atmospheric  Radiation  Flux  0  i  (cal/cm^*mln) 
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As  can  be  seen  from  the  tables,  the  individual  differences  in 
back  radiation  are  within  the  limits  0.003-0.015  cal/cm2*min.  The 
change  in  effective  radiation  is  approximately  the  same.  By  the 
Yamamoto  nomograph  the  changes  in  the  values  of  back  radiation 
constitute,  on  the  average,  1,5$  at  z  ~  0,  2.6$  at  s  -  j5,  and  7.6$ 
at  2  »  8.  The  changes  in  the  values  of  effective  radiation  are  3,1, 
3.5,  and  3.6$,  respectively. 

In  order  to  recognize  which  meteoelernent  has  an  especially  strong 
influence  on  radiation  fluxes  of  the  atmosphere,  we  studied  the 
correlations  between  GQ  j  and  tQ,  GQ  J  and  Wq#c0*  G^  l  31111  t^,  1 

and  tQ,  G^  j  and  w^  These  correlations  were  considered  also  for 
effective  radiation.1 

It  was  found  that  atmospheric  back  radiation  gives  quite  good 
correlation  both  with  temperature  and  also  with  the  total  content  of 
water  vapor.  Typical  pictures  of  this  correlation  are  given  in 
Figs.  4  and  5,  where  its  values  as  computed  by  the  Elsasser  nomograph 
and  also  by  other  nomographs  give  an  analogous  picture. 

Effective  atmospheric  radiation  gives  no  correlation  with 
temperature  and  effective  absorbing  mass. 

The  empirical  formulas  of  Angstrom  and  Brent  for  the  determination 
of  effective  radiation  and  back  radiation  of  the  atmosphere  are  widely 
known.  With  a  cloudless  sky  they  have  the  following  general  form: 


$}-**>■ 

,%-no. 

where  f*and  f”  are  certain  functions  of  e^. 


(30) 


iHere  the  index  shows  t:;e  height  .  above  the  eurtn’s  surface. 
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Fi«.  5.  Correlation  betwees 
atmospheric  hack  radiation 
at  the  3  tea  level  and  the 
temperature  on  the  earth's 
surface. 
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spread  of  points  is  great.  Therefore  it  is  possible  to  think  that 
empirical  formulas  of  the  type  of  (30)  are  useful  only  for  tentative 
calculations. 

Since  in  reality  there  is  a  simultaneous  influence  of  temperature 
and  water  vapor  on  fluxes  of  thermal  atmospheric  radiation,  it  is 
natural  to  assume  that  a  good  correlation  exists  between  fluxes  and  a 
certain  function  of  T  and  wz  ^  As  an  example  we  studied  the 
correlations  between  Gq  i  and  /w^  ^  +  aoT^  (a  is  a  certain  constant) 

and  also  between  G0  1  and  V  .  The  correlation  graph  is  shown 

in  Fig.  7.  Correlations  are  actually  very  good.  Here  all  the 
nomographs  give  an  approximately  identical  correlation.  On  the  basis 
of  these  correlations  it  is  possible  to  give  empirical  formulas,  but 
for  exact  determination  of  the  corresponding  coefficients  it  is 
necessary  to  determine  the  radiation  fluxes  more  exactly,  which  is 
impossible  to  do  with  the  help  of  radiation  nomographs.  It  is 
necessary  to  note  that  these  correlations  have  no  physical  meaning. 

No  correlation  is  observed  for  effective  radiation. 

We  tried  also  to  clarify  how  the  influences  of  stratification  is 
reflected  in  the  results  of  the  calculations.  We  compared  the 
differences  between  the  values  of  radiation  fluxes  according  to  the 
various  nomographs  for  cases  of  inversion  and  without  it.  No 
correlation  was  found  between  these  differences  and  inversions,  so 
that  all  nomographs  consider  thermal  stratification  of  the  atmosphere 
to  an  approximately  equal  degree. 

Appraisal  of  Nomographs 

On  the  basis  of  the  calculations  in  this  work  1'  is  not  so  easy 
to  resolve  r.he  question  of  which  of  the  nomographs  is  trie  best.  First 
of  all,  we  do  not  have  at  our  disposal  data  of  measurement  of  radiation 


fluxes  during  sounding  and  therefore  it  is  difficult  to  say  which  of 
the  nomographs  gives  results  closest  to  reality.  Secondly,  errors  in 
pieniaetry  are  quite  large  (up  to  10$)  and  factors  weakly  affecting 
the -magnitudes  of  long-wave  radiation  are  impossible  to  detect.  It  Is 
difficult  to  determine,  for  instance,  to  what  measure  the  influence 
of  the  various  principles  of  construction  of  nomographs  on  radiation 
.  fluxes  is  expressed.  Nonetheless,  by  working  partially  from  the  data 
of  construction  of  the  nomographs  and  on  results  obtained  in  our  work 
it  is  possible  to  conduct  a  certaia  analysis  of  the  quality  of  the 
radiation  nomographs. 

As  was  already  noted,  from  the  point  of  view  of  the  principles 
involved  the  ttaitriyev  nomograph  is  one  of  the  best.  Nonetheless  it 
has  certain  essential  deficiencies.  First,  the  data  on  absorption  of 
thermal  radiation  in  atmosphere  which  lie  at  the  basis  of  the 
construction  of  the  Dmitriyev  nomograph  at  present  should  be  considered 
obsolete.  The  influence  of  carbon  dioxide  on  the  absorption  of  thermal 
radiation  is  quite  ignored  in'  this  nomograph.  Besides  this,  in 
constructing  the  isolines  of  temperature  for  the  nomograph  Dmitriyev 
calculated  only  six  points  for  each  line.  But  since  the  ordinate 
of  these  lines  is  a  nonmonotonic  function  of  the  abscissa,  the  broken 
curves  thus  obtained  only  very  approximately  depict  the  real  course 
of  the  isolines  of  temperature.  For  practical  purposes  the  procedure 
of  calculating  radiation  fluxes  from  three  nomographs  is  complex  and 
the  planimetry  error  can  be  very  considerable. 

The  main  deficiency  of  the  Elsasser  and  Robinson  nomographs  is 
the  rough  calculation  of  the  radiation  of  carbon  dioxide.  These 
nomographs  are  useful  only  for  surface  calculations .  Besides  this, 
the  generalized  coefficient  of  absorption  l k  on  the  basis  of  which 
El sasser  constructed  the  transmi ss ion  function  of  his  nomograph  was 


-30- 


determined  very  inaccurately  [lj.  Regarding  the  function  of  absorption 
constructed  by  Robinson,  a  whole  series  of  deficiencies  exists  in  its 
determination  also  [H*-]. 

The  nomograph  of  Mugge  and  Miiller  was  built  somewhat  more 
successfully,  since  from  the  practical  point  of  view  it  has  uncondi¬ 
tional  advantage s  over  the  Dmi t riyev  nomograph.  The  influence  of 
carbon  dioxide  is  considered  in  dependence  upon  the  content  of  carbon 
dioxide.  But  also  these  authors  also  use  average,  very  approximate 
data  about  the  absorption  of  long-wave  radiation  in  the  atmosphere  [1J. 

In  the  Yamamoto  nomograph  the  influence  of  carbon  dioxide  on 
absorption  of  radiation  is  considered  most  exactly.  The  appraisal  of 
the  influence  of  temperature  on  the  function  of  absorption  is  also 
more  correctly  conducted. 

The  nomographs  of  Shekhter  and  Brooks  are  very  useful  from  a 
practical  point  of  view,  since  the  isolines  of  temperature  and  absorb¬ 
ing  mass  here  are  straight  lines.  Besides  this,  the  absorption 
functions  of  these  nomographs,  as  compared  to  those  of  the  nomographs 
of  the  other  authors,  are  more  reliable.  It  is  interesting  that 
the  absorption  functions  per  Shekhter  and  per  Brooks  are  very  close, 
despite  the  fact  that  they  are  determined  by  different  methods  and  on 
the  basis  of  different  data.  It  is  necessary  to  note  that  in  the 
light  of  the  most  recent  data  [16,  15]  the  influence  of  carbon  dioxide 
on  atmospheric  absorption  is  somewhat  overvalued  in  the  Shekhter 
nomograph. 

The  above-mentioned  characteristic  features  are  reflected  in  the 
results  calculated  by  the  various  nomographs.  It  is  possible  to  say 
that  when  conducting  calculations  by  the  nomographs  of  Dmitriyev, 
Elsasser,  and  also  Mugge  and  Moller  one  obtains  more  or  less  reliable 
results  only  near  the  earth's  surface,  while  the  values  for  radiation 


-, — fluxes-  at  heights  of  3  and  8  Kxn  are  already  noticeably  inaccurate. 

The  results  from  the  Robinson  nomographs  are  inadequate  even  at  the 
surface  of  the  earth, 

_ Hoj^ton  -.Brewer  £173-,  experimentally  determining  fluxes  of 

long-wave  atmospheric  radiation  in  the  lower  part  of  the  troposphere, 
found  that  the  Elsssser  nomograph  ^correction  gives  good  agreement 
with  observations  and  noticeably  poorer  coincidences  are  obtained  on 
the  basis  of  the  nomograpiis  of  Yamamoto  and  Robinson. 

Comparison  of  the  results  from  the  Elsasser  nomograph  ^wlth  the 
correction  for  pressure  with  the  corresponding  values  from  the 
nomographs  of  Shekhter  and  Brooks  obtained  in  this  work,  shows 
satisfactory  agreement  with  the  exception  of  extremely  large  values  of 
back  radiation  in  the  zone  0~10°N.  With  these  values  the  values  of 
back  radiation  found  from  the  Yamamoto  coincide  to  a  certain  degree 
with  these  values  with  a  correction  for  pressure  of  VIE  (Table  13). 

Table  13.  Atmospheric  Back  Radiation  of  the 
Level  of  the  Earth’s  Surface  GQ  l  (cal/cro^-min) 
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Shlyakov  [18],  comparing  the  results  of  calculations  of  thermal 
radiation  fluxes  in  the  atmosphere  by  the  Shekhter  nomograph  with  the 
results  of  measurements*  notes  good  agreement  between  them. 
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Thus  it  is  possible  to  say  that  the  most  reliable  results  for 
various  heights  of  troposphere  are  given  by  the  nomographs  of  Shekhter 
and  Brooks  and  also  by  the  nomograph  of*  Yamamoto.  The  results  obtained 
with  the  Yamamoto  nomograph  sometimes  differ  quite  noticeably  in 
comparison  with  the  results  of  the  Shekhter  and  Brooks  nomographs. 

This  occurs  mainly  because  of  the  use  of  different  characteristics  of 
absorption  of  water  vapor.  Clarification  of  which  function  of  absorp¬ 
tion  is  the  most  true  requires  special  investigation. 

It  saems  to  us  that  first  of  all  it  is  necessary  to  study  in 
detail  the  quantitative  characteristics  of  absorption  of  long-wave 
radiation  in  the  atmosphere  on  the  basis  of  the  latest  data.  In  order 
to  obtain  the  most  exact  transmission  function  possible.  Besides  this 
it  is  necessary  to  clarify  how  to  consider  the  Influence  of  pressure 
on  fluxes  of  thermal  atmospheric  radiation.  As  can  be  seen  from 
Tables  11  and  12,  the  influence  on  the  correction  for  pressure  has 
value  especially  with  small  radiation  fluxes,  Gergen  [19]  affirms 
that  the  use  of  a  correction  for  pressure  during  calculation  of 
effective  absorbing  masses  leads  to  results  which  are  incorrect  in 
principle,  since  in  reality  the  absorption  function  depends  on  pressure 
But  from  the  practical  point  of  view  the  use  of  effective  absorbing 
mass  is  a  unique  method  for  simplification  of  calcinations;  direct 
introduction  of  the  correction  for  pressure  into  the  function  of 
absorption  would  lead  to  extreme  complication  of  radiation  nomographs. 
Thus  it  should  be  determined  whether  the  difference  in  the  results  of 
fluxes  of  thermal  radiation  arises  with  the  introduction  of  corrections 
for  pressure  directly  irto  the  function  of  absorption  or  with  use  of 
effective  absorbing  mass. 

Another  question  is,  what  is  the  form  of  the  correction  itself? 

A 3  we  have  already  seen,  there  exists  a  series  of  formulas  (7,  9,  10) 
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- ai^t^ltilims"'r#latlve  f 6  this  correction.  On  the  basis  of  some  recent 
works  [15#  16]  one  should  apparently  consider  the  real  correction  to 
have  the  fora 

/<»-(£)’•  (3D 

where  ifl  *  i. 

The  exact  value  of  n  requires  more  detailed  investigation. 

It  waiT  already  noted  that  the  influence  of  temperature  on  the 
function  of  absorption  appears  in  two  forms  (’’effect  of  displacement" 
and  dependence  of  the  coefficient  of  absorption  from  temperature) .  As 
is  known,  these  factors  act  in  opposite  directions. 

Certain  authors  [2,  113  consider  that  these  factors  approximately 
coi^pensate  one  another.  It  follows  from  this  that  in  no  case  is  it 
possible  to  consider  only  one  of  these  factors.  This  is  the  essential 
fundamental  deficiency  of  the  nomographs  of  Dmitriyev,  Elsasser,  and 
also  Mugge  and  Holler,  since  in  them  only  the  "effect  of  displacement" 
was  considered.  Apparently  so  long  as  the  data  on  the  dependence  of 
the  coefficient  of  absorption  on  temperature  are  insufficient  it  is 
better  to  consider  the  function  of  absorption  to  be  independent  of 
temperature . 

A  more  precise  definition  of  the  principles  of  radiation  nomographs 
on  the  one  hand  permits  determining  the  value  of  fluxes  of  thermal 
radiation  more  exactly,  but  on  the  other  hand  leads  to  complications. 

Due  to  this  the  planimetry  errors  which  appear  can  exceed  the  obtained 
increase  in  accuracy.  It  seems  that  improvement  of  radiation  nomographs 
by  means  cf  more  exact  calculation  of  the  influence  of  the  various 
additional  factors  is  of  value  so  long  as  this  does  not  lead  to 
essential  complication  of  the  nomograph. 


Course  of  The  ratal  Fluxes  of  the  Atmsophere  on  Different 
latitudes  and  Heights ' In  the  Troposphere* 

Proceeding  from  the  given  reasoning,  we  decided  to  use  mean 
values  calculated  by  the  nomographs  of  Shekhter  and  Brooks  during  the 
study  of  the  movement  of  fluxes  of  thermal  radiation  in  the  troposphere 
with  height  for  different  latitudes.  For  a  more  detailed  study  of  the 
movement  of  fluxes  of  thermal  radiation  with  height  we  produced 
additional  calculations  by  the  nomographs  of  Shekhter  and  Brooks  for 
heights  of  2  and  5  km.  The  results  are  given  in  Table  14.  On  the 
basis  of  this  table  we  calculated  the  mean  values  of  fluxes  of  thermal 
atmospheric  radiation  {Table  15,  Figs.  8  and  9). 


Table  14.  Movement  of  Thermal  Fluxes  of  Atmospheric  Radiation 
with  Height  for  Different  Latitudes _ _ 
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As  can  be  seen  from  these  results. 

atmospheric  back 

radi 

stion 

decreases  from  the  equator  to  the  north  pole  at  all  heights.  Here 
at  the  ''evel  of  the  earth’s  surface  this  decrease  is  somewhat  less  in 
the  tropic  and  subtropic  zones  than  in  the  middle  latitudes.  In  middle 
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Fig.  8,  Movement  of  back  radiation  of  the 
atmosphere  with  height:  0  —  0-10°N; 

1  -  10-20°Nj  2  -  20~30°N;  3  -  30-40°K; 

4  -  40-50°N;  5  -  1>0-60°N;  6  -  60-70°N. 


Effective  rrdiation  has  i  sharply  expressed  maximum  in  the  zone 
2Q-30°N,  which  with  an  increase  in  height  is  displaced  nearer  to  the 
zone  10-20°N.  The  cause  of  this  maximum  is  apparently  the  comparatively 


large  values  of  temperature  and  small  values  of  humidity  in  the 


with  height:  0  -  0-10°N;  1  -  10-20°Nj 
2  -  20-30°N;  3  -  30-40°N i  4  -  40-50°N; 
5  -  50-60°Nj  6  -  60-70°N. 


subtropical  regions. 
At  the  level  of  the 
earth *r  surface  the 
greatest  values  of 
effective  radiation 
are  obtained  in  the 
zones  50-60°N  and 
60-70°N.  It  is 
possible  to  consider 
that  these  values  are 
explained  by  the  low 
humidity  of  these 
latitudes  on  clear 


March  days,  when  the 


temperature  of  earth *s  surface  at  the  same  time  is  relatively  high. 


On  all  remaining  heights  in  the  troposphere  there  Is  a  decrease 
in  effective  radiation  from  the  zone  20-30°N  to  the  pole. 

Figures  8  and  9  show  the  movement  of  back  radiation  and  effective 
atmospheric  radiation  with  height.  Within  the  limits  0-8  km  thermal 


Table  16.  Average  Gradients  of  Atmospheric 
Thermal  Fluxes  for  Different  Latitudes  and 
Heights _ _ _ _ _ 


Latitude 

J(l  ♦  1,1*  (e»l/c*2»aln*lcn) 

\MF\J*  (eal/cnz»nia«hm) 

0-2 

ton 

3-1 

km 

a-ft 

ton 

»-l 

ton 

0-2 

kni.f 

3-9 

ton 

3-5 

ton 

5-1: 

ton 

0  10*  N 

-0053 

-0.080 

-0.062 

-0.047  0.026 

0.042 

0022 

0024 

to  -ary 

-006* 

-0.068 

-0.060 

-0046  0026 

0.038 

0.023 

0028 

20-30*  A' 

—0.050 

-0068 

-0.061 

— OOK 

H  0.034 

0023 

0025 

0021 

30-40*  K 

-0042 

-0.060 

-0.041 

-0042  0.024 

0033 

0021 

0.028 

40-50 'N 

-0030 

-0.050 

—0.040 

-0.032  0024 

0031 

0.024 

0.019 

50-60  'N 

-0.028 

-0.044 

-0.039 

-0021 

5  0.018 

0031 

0023 

0.015 

60-70*  N 

-0.026 

-0.026 

-0.029 

-0.011 

i  0019 

0.019 

0016 

0.012 

fluxes  of  the  atmosphere 
change  more  or  less 
linearly.  Table  16 
gives  the  correspond inn 
gradients  of  the  change 
in  back  radiation  and 
effective  radiation  at 
various  high- altitude 
region.:. 
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In  conclus ion  j  I  expres  s  my  deep  gratitude  to  Professor 
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end  Corresponding  Units  Used  in  this  Article 


tions 


Units 


Meaning 


_  A 

AD 

f  «*'«£«• 

«~/4* 

e 

F-Of-Ot 

<*♦ 

«*(*) 

/♦  ’ 

H 

*x 

lx 

m 

m1 


cal 


cm  *min 
cal 


cm  'minister 


mo 

cal 


cal 


cm  *min 


cal 


cm  -min-ster 

*f 

l/"cm" 

l/ncm” 


ha-.ii 

cm 

«A11,n 

cm 


Absorption  function  for  parallel  radia¬ 
tion. 

Absorption  function  for  diffuse  radiation. 
Radiation  flux  of  an  ideal  black  body. 


Intensity  of  radiation  of  an  ideal  black 
body  at  wavelength  X. 

Integral  intensity  of  radiation  of  an 
ideal  black  body. 

Tension  of  water  vapor. 

Effective  atmospheric  radiation. 

Fraction  of  total  radiation  of  an  ideal 
black  body  corresponding  to  wavelength  X. 

Descending  atmospheric  radiation  flux. 


Ascending  flux  of  radiation  of  the  atmo¬ 
sphere  and  the  earth. 

Gold  function 


Intensity  of  descending  radiation  flux. 

Intensity  of  ascending  radiation  flux. 

Coefficient1  of  absorption  at  wavelength 
X. 

Generalized  coefficient  of  absorption  at 
wavelength  X. 

Mass  of  substance  absorbing  radiation. 

Effective  mass  of  absorbing  substance. 

i ransmissi on  function  for  parallel 
r-tdiatlon. 
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Table  (Continued) 


Designa¬ 

tions 


Units 


Meaning 


Mb 

«Ag 

°K 


1/cm 

deg 


1/cm 

g/cm-3 

g/cm'3 

cal 

?  - — - 

cm  •minister 


T^smission  function  for  diffuse 
Air  pressure. 

Specific  humidity. 

Absolute  temperature. 

Temperature . 

ir^che^atttospftere?^  "’aSS  °f  *ater 

SDhS.C°?^.of  I*ter  m»°‘-  »”  ‘he  it» 

spnere,  counting  from  level  z. 

Height  above  the  earthy  surface. 

Half-width. 

2enith  angle. 

Emittance. 

Wavelength. 

Wave  number. 

Density  of  substance  absorbing  radiation. 
Density  of  water  vapor  in  atmosphere. 

Stefan- Boltzmann  constant. 

Per  Brooks  nomograph. 

Per  Ifcnitriyev  nomograph. 

Per  Miigge  and  M8Uer  nomograph. 

Per  Robinson  nomograph. 

Per  Shekhter  nomograph. 

Per  Elsasser  nomograph. 

Per  Yamamoto  nomograph. 


cm  In  centimeters  of’  , 

v.  sunstance  at  .;TP. 
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